Energy infrastructures are perceived continuously vulnerable to a range of high-impact low-probability (HILP) incidents-e.g., earthquakes, tsunamis, floods, windstorms, etc.the resilience to which is highly on demand. Specifically suited to battery energy storage system (BESS) solutions, this paper presents a new resilience-driven framework for hardening power distribution systems against earthquakes. The concept of fragility curve is applied to characterize an earthquake hazard, assess its impact on power distribution systems, and estimate the unavailability of the network elements when exposed to extreme earthquakes. A new metric is defined to quantify the network resilience taking into account the uncertain nature of such HILP events. A linear programming optimization problem is formulated to determine the capacity and location of the BESSs for enhanced resilience against earthquakes. Efficacy of the proposed framework is numerically analyzed and verified through application to a real-world distribution power grid.
NOMENCLATURE

A. Sets and Indices τ
Index for the earthquake time of occurrence. b, N b Index and the total number of BESSs. i Index for network islands. k, K Index and total number of line sections. l p , N lp Index and total number of critical load points.
NI s
Total number of islands in scenario s. n Index for the system operating state following an earthquake. nd
Index for system nodes (substations).
s, N s
Index and total number of scenarios. T Index for the time slots.
B. Parameters and Constants α b,s,i Binary parameter with 1 representing the BESS b in scenario s located in island i and 0, otherwise. υ dl k , γ dl k Binary indicator of availability and unavailability of distribution line section k, respectively.
C f
Fixed installation cost of the BESS ($). C P , C E Variable installation cost of BESS reflecting power ($/kW) and energy ($/kWh) size, respectively. C
The marginal budget for BESS installation ($).
CP E
Cumulative probability of an extensive damage state (E) of the buildings following a seismic hazard.
Dis
The distance between the overhead lines and the nearby buildings. D t e τ Total system energy demand at the time interval starting at τ with the duration of t e . E t e lp,t Energy demand at load point lp during emergency time-interval t e started at time slot t. F dl k , F bl Failure of line section k and buildings, respectively. G a Peak ground acceleration. L τ ,s,i,t Total load in island i in scenario s at time slot t if an earthquake occurs at time τ (kW ). L lp,t Load demand at load point lp at time slot t. LC
Critical load curtailment (kW ). P n Probability of a system operating state n following an earthquake. p τ Probability of earthquake occurrence at time τ . P [x|G a ] Cumulative probability of the system damage state 
I. INTRODUCTION
N ATRUAL disasters, e.g., floods, windstorms, tsunamis, and earthquakes, have been observed to impose potentially devastating and widespread striking effects on the nations critical energy infrastructures [1] . Among such high-impact lowprobability (HILP) incidents, the occurrence of which has been trending higher in recent years, one can highlight the 2010 earthquakes and tsunamis in Nepal and Chile knocking power to many customers for several days [2] , the 2012 Hurricane Sandy in the U.S. resulting in an extensive outage affecting 8 million customers with estimated $75 billion economic loss [3] , the 2016 Hurricane Hermine with approximately 8.5 million customer power outages and direct damage amounted to $71.4 billion in the U.S. [4] , the 2017 Hurricane Harvey in Texas causing 10,000 MW electricity outages to 291,000 people in the state [5], and the 2017 Hurricane Irma leading to a power outage of 6.7 million electricity customers in Florida accounting for 67% of all state customers [6] . According to [7] , 58% of all the U.S grid outages in the 10-year time interval from 2003 to 2012 are driven by the weather-caused HILP events resulting in an estimated $18-33 billion annual loss. With an elevated incidence and severity, the resilience of the electricity delivery infrastructure and its capacity to withstand such outageinducing HILP patterns has become more and more critical to peoples well-being and every aspect of our economy [8] , [9] . Traditionally, power system planning and operations were centered on principle reliability metrics and known evaluation techniques [10] . Although reliability indices can well represent the system ability in best confronting the potential but credible failures (termed as security criteria), the focus was not on HILP incidents, resulting in an inability to efficiently capture the looming effects of severe patterns such as earthquakes and other HILP disasters [11] . Additionally, traditional power grids, designed based on the reliability principles, were primarily planned to be able to supply all load points during normal operating conditions, while load recovery and support in the face of extreme disasters was not a primary focus of concern [12]. In recent years, research and developments have been geared toward designing, planning, and operation of modern power grids that are not only secure and reliable in normal operating conditions and to the known and predictable threats, but also resilient against extreme and unpredictable HILP incidents [13] - [18] . The concept of power grid resilience has been defined and quantified in [12] , [19] - [24] and future challenges for resilience are reviewed in [24] . Several strategies were suggested for delivering electricity to the end users safely, securely, and resiliently following natural hazards. Some efforts were focused on microgrids as a solution for improved resilience [25] - [28] . Authors in [29] - [31] developed optimization models for load restoration in distribution systems during extreme events. Network hardening strategies, e.g., underground power lines, are discussed in [7] . The impacts of natural events on the equipment reliability attributes is focused in [13] and extensive weatherdriven resilience analytics are developed in [32] , [33] .
Among different HILP disasters, earthquakes are the one most unpredictable class of hazards [34] which may lead to widespread disruptions of vital infrastructures. There are several research efforts in the literature that have studied the impact of seismic hazards on the power grid: [35] proposed a risk-based seismic model where a suite of earthquake scenarios and a corresponding set of consequential patterns on transmission lines and substations are defined to optimize the capacity expansion of transmission and generation sectors. Different upgrading strategies were introduced in [36] to decide on vulnerable nodes under different seismic scenarios. The criticality of electric components was evaluated in [37] via a resistance index during various earthquake conditions in Japan. A framework was proposed in [38] to assess the system resilience in terms of Energy not Supplied and Energy index of Unreliability following an earthquake and three adaptation strategies (e.g. robustness, redundancy, responsiveness) are evaluated for the northern Chilean electric power system. Similarly, the authors in [39] generated multiple earthquake scenarios using Monte-Carlo simulations to sample the earthquake intensity and location. In [40] , [41] , a seismic vulnerability assessment using network hierarchical decomposition is applied on the IEEE 118-bus test system which was stressed by uniformly and spatially generated earthquake scenarios. In [42] , vulnerability of the interdependent European gas and electricity transmission networks was studied using a GISbased probabilistic reliability model. A framework for seismic risk assessment in electric power systems was proposed in [43] with the focus on a probabilistically-weighted hazard scenario approach followed by the accessibility assessment of electric components. Reference [44] harnesses historic seismic events (e.g. 1971 San Fernando and 1994 Northridge earthquakes) to evaluate the seismic performance of the electric grid in the city of Los Angeles and assess the loss of connectivity using fragility curves. Similarly, [45] evaluated the degradation performance of the Los Angeles Department of Water and Powers (LADWPs) electric power system using 47 earthquake scenarios. Reference [46] identifies sequential failures of transmission network under severe earthquake hazards in the Los Angeles. In [47] , [48] , the seismic performance and vulnerability of the electric power system in the San Francisco Bay area following the 1989 Loma Prieta earthquake is evaluated. The loss of connectivity between substation, the failure probability of substations and transformers, and power imbalances in the system are evaluated in [49] considering a sample earthquake scenario with moment magnitude of 7.5. The authors in [50] presented an algorithm to evaluate the serviceability of water distribution systems and its interactions with the power grid following a scenario-based earthquake characterization. The authors in [51] collected a large damage dataset to develop fragility curves for a wide range of power equipment.
Only a few efforts can be found in the literature that comprehensively model and illustrate how the earthquake energy attenuates, which parameters affect the earthquake energy attenuation, how earthquake energy parameters (e.g., Peak Ground Acceleration) at the location of the power equipment can be assessed, how the earthquake energy can be quantified in terms of equipment fragility curves and consequently how the impact of seismic shocks on the power distribution lines can be mathematically modeled and quantified. In addition to a lack of effective resilience metrics [12] , [22] , the main challenge in many of the above efforts is the loose link and unfocused attention to the network fragility models to quantify its resilience against extreme disasters [13] . This paper is among the first efforts to address the above issues tailored to power distribution systems with the main goal of enhancing the system and equipment resilience.
Modern power distribution grids are furnished with massive proliferation of advanced smart grid technologies, e.g., electric vehicles, distributed energy resources, and Battery Energy Storage System (BESS), offering additional operational flexibility that can be harnessed for enhanced resilience during emergencies. Focusing on BESSs with exclusive features of high efficiency, fast response, and low maintenance costs, this paper suggests an analytical planning framework to harden the distribution grid with BESS and achieve a targeted emergency response and enhanced resilience. In this paper, the HAZUS model developed by the Federal Emergency Management Agency (FEMA) has been harnessed with the fundamental concept of fragility curves to achieve efficient analytics for impact assessment of earthquakes on power distribution grid resilience. Both direct and indirect effects of an extreme earthquake on distribution overhead lines are effectively characterized in this paper, where the former includes the power tower collapse (possibly resulting in disconnection of several customers), and the latter is concerned with collapse of the adjacent buildings on the power lines (increasing the overhead line unavailability). Different from the past research, our main contributions are highlighted as follows:
r Seismic Hazard Characterization and Impact Assessment on Power Distribution Systems: We develop analytical models that systematically characterize the seismic hazards and capture the vulnerability of distribution system elements to earthquakes. Centered on the fundamental concept of fragility curves, the effects of seismic forces on power distribution system elements-towers and overhead line sections-and the equipment unavailability due to both direct and indirect effects are quantified.
r Optimization Model for BESS Sizing and Siting: Mathematical linear-programming (LP) optimization formulations are derived to plan for distribution system hardening against earthquakes and investigate the BESS ability in boosting the network resilience. The remainder of this paper is organized as follows. Section II presents an overall picture of the proposed framework. Seismic hazard characterization and vulnerability assessment models for distribution system elements are discussed in Section III. Section IV presents the proposed resilience-driven BESS planning algorithm in distribution networks. Section V elaborates the numerical analysis of the proposed framework applied to a real-world distribution system, and Section VI concludes the paper at the end. Figure 1 presents the overall architecture of the proposed three-stage framework as follows:
II. PROPOSED FRAMEWORK: BIG PICTURE
r Seismic Hazard Modeling and Characterization: Different seismic faults with high geological risks are first identified using historical earthquake catalogues. The potential seismic risk corresponding to each fault is estimated using the fundamental principles of geological and seismic engineering via which the highest seismic potential can be characterized. As the earthquake energy propagation and attenuation is highly dependent on the pattern the earthquake waves pass through, the soil type at the location of power distribution facilities (e.g., overhead lines) should be determined. In order to assess the seismic intensity at the location of power equipment, an analytical parameter, i.e., the attenuation relationship (AR), is characterized, based on which, critical seismic factors-e.g., peak ground acceleration (PGA)-are assessed. The main algorithmic process proposed for seismic hazard characterization is briefly summarized as follows: 1) Estimation of the most probable earthquake magnitude (M W ) at the location of interest using historical earthquake catalogues. 2) Determining the ground (soil) type at the location of interest.
3) Estimation of a technical attenuation relationship suit-
ably capturing the geotechnical characteristics at the location of interest.
r Seismic Vulnerability Assessment: A set of damage states are introduced highlighting the fact that different structures respond differently to a seismic force and, hence, unleash different vulnerability levels following the hazard. Five damage states (none, slight, moderate, extensive, and complete damage) for different line sections in distribution feeders are integrated with the fundamental principles of fragility curves to estimate the availability and the unavailability of distribution line sections under direct seismic effects (e.g. collapse of power towers) and indirect effects (e.g. collapse of the adjacent buildings on overhead distribution lines).
r Resilience-Driven BESS Planning: Restoration of critical load points, e.g., hospitals, water treatment systems, and military services, is a priority in the emergency response programs following an earthquake. This stage presents a grid hardening optimization problem for BESS siting and sizing in power distribution grids. The location of the BESS resources is found such that the curtailment of critical loads following an earthquake is minimal. A quantitative resilience metric is defined, based on which an LP optimization formulation and a solution algorithm are suggested to determine the optimal size of the BESSs across the network. Overall, instead of positioning the operator in a reactive mode in response to the aftermath of HILP outages, the suggested formulation helps in hardening against the possible HILP-contingency outcomes, before the event happens. The conceptual resilience performance of an engineered structure in the face of a hazard has been introduced in several studies [21] , [22] , [52] - [54] . According to Fig. 2 , a HILP incident typically results in the system performance to degrade to a minimum level at t r 1 . If the BESS units are deployed, it can be seen that not only is t r 1 shifted with ΔT to limit the disruption time, but also the system performance would be improved by ΔP D . One may then realize that hardening the distribution grid with BESSs results in an improved system resilience as the demanded critical loads will be supplied longer (ΔT = t r 2 − t r 1 ) during the disruption phase.
III. SEISMIC HAZARD CHARACTERIZATION AND VULNERABILITY ASSESSMENT
A. Earthquake Energy Transfer Model
In order to model how the released seismic energy of an earthquake attenuates, we employ probabilistic derivations to quantify the AR parameter. Principally, AR is defined for a specific geographical area to determine and analyze earthquake parameters in that area. Soil type, fault type, faults seismic potential, the length of a geological fault, and other geological parameters are among the inputs contributing to the AR derivation. In particular, AR characterizes a function between one earthquake characteristic and the other related parameters-e.g., seismic intensity, the distance between the equipment locations and the geological fault, etc.-. A general analytical form of the AR is formulated in (1) [55] :
where, Y is one earthquake parameter such as G a ; a is a constant; is a random error with mean value of zero and standard deviation of σ representing the uncertainty in Y . M is the earthquake intensity represented by Richter local magnitude, moment magnitude (M W ), etc.; R reflects the distance of the earthquake focus (hypocenter) to the location of interest. A number of methods have been proposed in different studies to determine the distance between the hypocenter of an earthquake and a location of interest. According to Fig. 3 , the distance between a site of interest and the epicenter, the point on the Earth's surface (a) System transition states following a critical HILP disturbance: the disruption starts at τ and after a preparation interval (t r − t p ), restorative actions help improving the degraded performance back to its normal condition within (t r − t r ). (b) Application of the proposed hardening framework to realize a more flexible system response to HILP events. t r 1 is shifted with ΔT to limit the degradation and improve the system performance by ΔP D .
directly above a hypocenter, is considered as R E pi ; and P x is the ground type assessed according to properties of the subsoil and shear wave velocities. The ground type affects all characteristics of the ground motion such as amplitude, frequency content and period. Note that the function Y characterizes a direct relationship with the earthquake intensity and an inverse relation with the distance from the geological fault.
B. Fragility Curve
In the context of this paper, fragility curves are established as statistical tools which represent the probability of exceeding a given (potential) damage state (or performance) during an earthquake as a function of PGA (G a )-PGA represents the ground motion (preferably spectral displacement at a given frequency). Fragility curves can be generally derived by different approaches: (i) it can be empirically characterized utilizing the statistical representations and analysis of large data sets on system elements failure records; (ii) it can be characterized through expert judgments; (iii) it can be experimentally characterized under a series of shocks applied with different intensity levels on a given structure; (iv) it can be analytically characterized through extensive simulation of the structure performance under different simulated shocks with different intensity levels; or (v) it can be characterized through a mixed combination of these approaches [13] .
In order to model and assess the vulnerability of distribution line sections to a seismic hazard, the principle concepts of fragility curves are utilized, which expresses the failure probability of a component as a function of seismic parameter (e.g., PGA). Damage functions for system equipment are characterized in the form of lognormal fragility curves reflecting the probability of being in or exceeding a damage state for a given seismic parameter. Each fragility curve is defined by a median value of the PGA parameter and lognormal standard deviation (β) which correspond to the damage state thresholds and its variability [56] . The probability of residing in or exceeding a state of structural damage (d s ) is described as follows:
where, S d is spectral displacement and S d,d s is its median value; β d s is the standard deviation corresponding to the natural logarithm of the spectral displacement at which a structure reaches the damage state threshold, and φ is the standard cumulative normal distribution function.
C. Unavailability of Overhead Distribution Lines
To assess the impact of an earthquake with a given maximum horizontal ground acceleration, the probability associated with different states of structural damage should be first quantified. In this paper, fragility curves for different elements are defined corresponding to five states of damage introduced earlier. Different fragility curves for distribution overhead lines are demonstrated in Fig. 4 . The probability corresponding to each state of damage is evaluated as follows:
where the letters N, Sl, M, E, and C respectively stand for none, slight, moderate, extensive and complete-damage states of a grid element following a HILP earthquake. In (3)- (7), the cumulative probability of each damage state is calculated based on the PGA value, while the individual probability of each state of damage is assessed using (8)- (11) . Accordingly, the unavailability of each line section in distribution network can be expressed as:
where, Q S l , Q M , Q E and Q C denote the failure of 4%, 12%, 50%, and 80% of all distribution lines [56] . In addition to the direct effects of an earthquake on the infrastructure (e.g., the power tower collapses), the indirect effects such as the collapse of the adjacent buildings on distribution overhead lines also contribute to the unavailability of the elements. The fragility curves of the electrical structures adjacent to the buildings are therefore estimated to capture the collapse probability in different states of damage. According to [56] , only in cases of extensive and/or complete damage states, a part of the buildings skeletons may be thrown out or would partially collapse which can be translated into an increment in the unavailability of the overhead lines adjacent to such buildings. Furthermore, it can be experimentally demonstrated that the higher the distance between power towers and nearby buildings, the lower the effect of buildings collapse on the overhead lines or power towers. In other words, if the distance between a power tower and an adjacent building is equal to the building height, the effect of the building collapse on the overhead lines could be ignored. In this paper, the impact of a nearby building collapse on the distribution overhead lines is characterized as follows:
where, λ is correlated with the building height. Finally, the unavailability of each line section in the distribution network following an earthquake can be defined as in (15):
It can be easily discerned that the sections in the vicinity of the adjacent buildings are more vulnerable following an earthquake than those further away.
IV. PROPOSED ALGORITHM FOR RESILIENCE-DRIVEN BESS PLANNING IN POWER DISTRIBUTION SYSTEMS
In this paper, we investigate harnessing the flexibility of the BESS in distribution systems for enhanced resilience against HILP earthquake hazards. Grid hardening via BESS allocation is pursued with the main goal to serve the critical load points during and following the earthquakes. In the following, the proposed algorithmic solution for optimal siting and sizing of BESSs as well as network hardening procedure is presented.
A. Candidate Nodes for BESSs Placement
An earthquake may result in some distribution line sections being unavailable and/or some load points to be interrupted, making it cumbersome, if not impossible, to define a certain operating state for the network following the incident. In order to select the candidate nodes for BESSs placement, we suggest Algorithm 1. Indeed, if K represents the total number of distribution line sections, a total number of 2 K states can be experienced. Based on the availability status of each line section, the probability of every possible operating state that the network may reside in following an earthquake can be assessed as follows (Step 2 and Step 3):
Each candidate node can host BESS and based on the network configuration, the load curtailment indices can be evaluated. Note that even if a node (nd) hosts a BESS regardless of the size, some critical loads may be disconnected from the main network due to the unavailable distribution line sections (Step 5). A Worst Case Index (WCI) defined in (18) , is suggested to be evaluated at all load points, representing the amount of critical load curtailment at each node in the most probable network operating state following an earthquake (Step 6).
Eventually, the selected nodes among all candidate nodes are found as those with the lowest WCI (Step 9) . This reflects the fact that considering the network configuration, it is more reasonable to place the BESS in nodes that would better supply the demanded critical loads following an earthquake with more number of available connected line sections.
B. Optimal Sizing of the BESS Solutions
1) Inputs to the Proposed Optimization Engine: A power distribution grid will be divided into several islands following a severe HILP disaster. The probability of each islanding scenario can be assessed following the same derivations in (16) and (17) and will be inputted into the optimization model. With the expected amount of critical loads estimated in each scenario, a resilience-driven optimization model is proposed that best finds the BESS sizes across the network (see Algorithm 2 and Algorithm 3). 2) Objective Function: We first define a metric representing power distribution grid resilience in the face of an earthquake. The main challenge arises from the fact that such HILP events are hard to predict, if not impossible. We assume that the earthquake can happen at each time slot of a day (the earthquake occurrence time (τ ) floating between t = 1 and t = 24)-see Fig. 5 ; thus, the probability of earthquake occurrence is assumed to be equal to p τ = 1/24. The objective function is defined as a resilience index (RI) to be maximized:
Since there are critical loads that will be interrupted (disconnected from the main grid) during an earthquake and may not be fully supplied even with BESSs, the RI index tends to value less than one. Furthermore, a BESS has a certain capacity and can supply one or several critical load points for a limited period of time following an earthquake. This time period, namely emergency response time, is case dependent and extremely driven by network configuration and emergency actions run by the system operators (e.g., using transferable transformers). Emergency response time can be estimated using historical records and past experiences and may last from one to several hours. The proposed RI metric is actually the ratio of the BESSs discharge energy during the emergency time interval to the demanded energy by the critical loads over different scenarios. The RI metric should encapsulate different scenarios capturing the internal (e.g., critical load profiles) and external HILP-driven uncertainties (e.g., location, time, and severity). The index is embedded in an optimization engine that offers the BESSs optimal solutions that are robust to uncertainties and help to achieve maximum supply and recovery of critical loads following an earthquake.
3) Optimization Constraints: The linear programming (LP) optimization problem is subject to several constraints which are formulated as follows: In each scenario, the total discharge power of all BESSs in every island is limited by the critical loads in (20) . Constraints (21) and (22) enforce the BESS discharge power and state-of-charge (SOC) limits. Inequality (23) limits the sum of maximum discharge power of BESSs to the total critical loads in all time steps. Constraint (24) indicates that the sum of SOC for all BESSs is limited by the maximum critical energy during the emergency response time that varies from 1 to 24 hours (see Fig. 5 ). The relationship between BESS discharging power and the SOC is illustrated in (25) . Equality constraint (26) sets the initial SOC to its maximum value. Finally, constraint (27) enforces a budget limit for BESS deployment in the grid. The optimization engine finds the optimal decision variables (P m ax b and E m ax b ) that maximize the RI metric.
C. Network Hardening Solution
The proposed process for network hardening via BESS can be summarized as follows:
1) Estimation of PGA at the location of electric facilities and power equipment through AR. 2) Probability assessment of different damage states based on statistical fragility curves and the evaluated PGA at the location of power equipment. 3) Assessment of the availability of distribution line sections based on (3)-(15). 4) Selection of the network candidate nodes for BESSs placement using a proposed W CI metric. 5) Generation of all possible operating scenarios (Algorithm 2). 6) Assessment of the scenario probabilities using (16) and expected peak load at the critical load points in each scenario (Algorithm 3). 7) Characterizing a resilience metric based on demanded critical energy during the emergency time-see (19) . 8) Implementation of a linear optimization formulation to find the optimal size of BESS considering the allocated budget for network hardening against earthquakes.
V. NUMERICAL CASE STUDY AND SIMULATION RESULTS
A. Seismic Considerations and Data Resources
Iran is one of the most seismic countries in the world which includes three seismic zones of Zagros, Alborz, and central Iran [55] . Among the several past destructive earthquakes occurred in Iran, the ones with 7.7 Richter in Tabas in 1978, the 7.2 Richter in Rudbar-Manjil in 1990, the 6.7 Richter in Bam in 2003, and the 7.3 Richter in Kermanshah in 2017 can be highlighted [57] . The capital Tehran's metropolitan area is equipped with advanced energy infrastructures that are potentially threatened by HILP earthquakes. In order to mathematically model a seismic hazard and assess the seismic vulnerability of power equipment, historical catalogues are accessed based on the available information from different sources: data on the earthquakes as old as 400 BC is gathered from [58] which contains references to 256 pre-1900 historical earthquakes in Iran. For post 1900 events, the data in [59] - [63] have been utilized. Based on the provided historical catalogues for Tehran's seismic vulnerability, one can realize that during the last century, no strong event was located near Tehran, but several earthquakes of moment magnitude greater than 5 occurred and were associated with the Mosha, the Ipak, and the North Alborz faults, north and south Ray fault. According to [64] , 84,000 earthquakes of magnitude 4.6-7.55 representing full temporal and spatial distributions of 10,000 years of earthquakes in an area of 200 km radius from Tehran are generated using Monte-Carlo Simulations (MCS). In [64] , it is assessed that among the numerous earthquake scenarios, the most probable earthquake for Tehran is a hazard with moment magnitude of 6.75 and return period of 475-years. According to Iranian seismic design code-Standard 2800 [65] , Tehran has not experienced a strong earthquake for 180 years, and as such, we here assumed that the most probable earthquake in Tehran would have a moment magnitude of 6.75 as well [64] .
According to [55] , the main ground type in Iran is mostly rock and soil, based on which, the soil type at the location of the test case in Tehran is considered as rock. According to the Iranian code of practice for seismic-resistant design of buildings [65] , one may consider the rock type equivalent to shear wave velocities higher or equal to 375 m/s and the soil type equivalent to shear wave velocities are less than 375 m/s. Motivated by [55] , the specific attenuation relationship (AR) used in this study is described as follows:
As the ground type in the test case is of rock [65] , the seismic constant coefficients, C 1 , C 2 and C 3 are 4.15, 0.623, and −0.96, respectively.
B. Test System Considerations and Assumptions
The proposed resilience-driven BESSs framework is implemented on a medium-voltage distribution feeder in Tehran, the geotechnical vulnerability map of which is demonstrated in Fig. 6 and its simplified single-line diagram is illustrated in Fig. 7 . According to Fig. 6 , one can realize that the main feeder under study is located in areas that are identified with medium and high geotechnical risk and vulnerability levels. This feeder contains six critical load points. The load profile forecasts are taken for a typical day in July 2018, presented in Fig. 8 with the peak load values tabulated in Table I . It is assumed that the focused distribution feeders are disconnected from the mainstream following an earthquake. The emergency response time is supposed to be 10 hours captured from the 2003 Bam earthquake historical data [66] . The distance between the nearby building and the overhead lines is considered 5 meters. In addition, the buildings in the vicinity of the overhead lines are considered 20 or 45 meters high, and their structures are concrete or steel with the fragility curves borrowed from [56] . The seismic standards have generally categorized the buildings into four key levels of high-code, moderate-code, low-code, and not seismically designed [56] , and we assumed the focused buildings in this study are of the moderate-code seismic category. Furthermore, the BESSs are considered to be of a lithium-ion type. The BESS fixed and variable installation costs are assumed 1 M$, 175 $/kW (power), and 500 $/kWh (energy), respectively [67] . The BESS discharge efficiency is assumed 85% and the total budget for BESS deployment in the network is 5 M$.
C. Numerical Results, Sensitivity Analyses, and Discussions
The methodology employed in this paper to assess the failure probability of distribution line sections was developed by FEMA. According to [56] , the medians and lognormal standard deviation of fragility curves used for different damage states are expressed in Table II . If the estimated PGA at the location of the distribution line section is found 0.6g, the probability of different damage states are tabulated in Table III based on equations (3)- (11) . The unavailability of each line section is assessed in Table IV . As can be seen, the buildings close to the overhead lines contribute to the lines' unavailability following an earthquake. The proposed candidate node selection algorithm for BESS sitting is applied to the studied test case. The detailed Table V . As it can be seen, the suitable nodes are those that, if hosting the BESS, result in the minimum load curtailment in the network following an earthquake. Therefore, BESS 1 , BESS 2 and BESS 3 are respectively placed in nodes 8, 9, and 15, resulting in the least value of load curtailment (=1319.348 kW). Following an earthquake, the distribution network will be partitioned into several islands introduced in Table VI . The BESSs should supply the critical loads in each island during the emergency response interval. Scenarios (S) are generated, and it is observed that S6 is the most feasible in which all the three BESSs can supply the critical loads. Other scenarios such as S3 and S10 also contribute to the decision on the optimal size of the BESSs. The proposed optimization problem is solved, and the optimal size of BESSs is determined as summarized in Table VII . One can see that the power and energy provided by BESS 3 is higher than the others: BESS 1 should supply an expected peak critical load of 828.81 kW in S1, S7, S8, and S12 (with the probability of 0.0001), BESS 2 should supply 931.55 kW of load in S7, S9, S11, and S12 (with the probability of 0.0086) and finally BESS 3 supplies an expected peak critical load of 935.69 kW in S3, S8, S9, S10, and S12 (with the probability of 0.0359). The additional flexibility provided by BESSs has improved the resilience index by 40%.
1) Sensitivity Analysis on Emergency Response Time: According to Table VIII, one can see that as the emergency response time increases, the resilience index will decrease since the marginal budget (C) is set fixed to 5M $ . As the emergency response time increases, the estimated energy level of the BESS 1 and BESS 2 will be almost zero and BESS 3 will be the only unit with a high nominal energy level in the system. This is because S3 and S10 (with the probabilities of 0.01 and 0.025, respectively) are the most probable scenarios following S6 and BESS 3 should supply 904.57 kW and 1012.5 kW of the system critical loads correspondingly. Therefore, according to Fig. 9 , it is expected that with a fixed hardening budget and an emergency response time longer than 16 hours, BESS 3 is the only unit with a significant role in deriving the network resilience.
2) Sensitivity Analysis on the Marginal Budget for Grid Hardening With BESS: If the emergency response time is considered equal to 10 hours, the changes in the resilience index and power and energy size of the BESS corresponding to different marginal budgets for grid hardening are illustrated in Table IX. In the most probable scenario (i.e., S6), Table VI reflects that all the BESSs should be connected to the main network and should supply the system demanded critical loads. BESS 3 with the probability of 0.0359, BESS 2 with the probability of 0.0086, and BESS 1 with the probability of 0.0001 should supply demanded critical loads in all other scenarios except S6. Therefore, one can realize from the results that as the marginal budget (C) increases, the BESS 3 is the only storage unit which plays a significant role on enhancing the network resilience and, as a result, it should be characterized with a higher energy level, E(kW h), compared to BESS 2 and BESS 1 . According to Table IX, one can see that the resilience index and the energy and power level of the BESS do not change with the marginal budgets higher than 10 (M$) and the system resilience cannot be further improved. In the best scenario, the maximum resilience is found 0.576, simply meaning that 57.6% of the demanded critical energy in the network can be supplied during the emergency time following a seismic hazard in Tehran. One remarkable feature of the proposed optimization is that the solution is found in an automated manner and after a single run, since the optimization engine is designed linear; thus, the optimization problem is not only able to find the global optimal results, but also is characterized with an acceptable computational time as compared to the heuristic or nonlinear optimization models.
VI. CONCLUSION
This paper investigates the feasibility of BESSs deployment in power distribution systems to improve its resilience against HILP incidents in general and earthquakes in particular. The proposed model first characterizes the earthquake hazards, then suggests a grid vulnerability assessment mechanism and eventually presents a methodology for BESS siting and sizing for enhanced resilience. In the first stage, a large historical earthquake dataset was employed to estimate the potential seismic intensity and an analytical attenuation relationship was utilized to characterize the seismic hazard via the peak ground acceleration at the location of interest. In the second stage, an effective application of fragility curves was pursued in order to assess the grid vulnerability and estimate the impact of a seismic hazard on the availability of distribution line sections, where the failure of power distribution equipment such as towers and overhead line sections due to external forces (e.g. the collapse of adjacent buildings) was also modeled. In the third stage, a quantitative criterion was suggested that helps finding the candidate nodes in the network to host the BESS. An LP optimization based on a new resilience metric was formulated to find the optimal capacity of the BESS units across the network. The proposed hardening framework was implemented on a real-world distribution feeder in Tehran, Iran, and the results were extensively analyzed. Numerical results revealed that the BESS flexibility, if effectively harnessed, could help in supplying the critical loads during and following the earthquakes. This study can also help the system planners and decision makers in allocating the required budget to harden the network robustness with BESSs, aiming at an enhanced resilience against catastrophic HILP hazards.
